. Rapid switch in monsoon-wind induced surface hydrographic conditions of the eastern Arabian Sea during the last deglaciation. Quaternary International, 479 pp. 3-11.
Introduction 22 23
In the Arabian Sea, seasonally reversing air flow of the Asian monsoon produces spatial 24 changes in surface circulation, hydrography and biological productivity. Through time, changes 25 in the composition of planktic foraminiferal assemblages and sea surface temperatures largely 26 reflect the history of upper water column conditions in response to changes in direction and/or 27 strength of seasonal monsoon winds. Previous paleoceanographic studies using fossil planktic 28 foraminifera were focused mainly on the western and northern regions predominantly influenced 29 by the southwest (summer) monsoon. These studies have provided crucial insights into the 30 processes controlling summer monsoon variability on orbital and sub-orbital scales (eg. Clemens 31 et al., 1991; Anderson and Prell, 1993; Venec-Peyre et al., 1995; Naidu and Malmgren, 1996 ; 32 Reichart et al., 1998; von Rad et al., 1999 ; Venec-Peyre and Caulet, 2000; Jung et al., 2002 ; 33 Gupta et al., 2003) . However, high resolution planktic foraminiferal records from the eastern 34 Arabian Sea, a region sensitive to the winter (northeast) monsoon circulation, are scarce. 35
Therefore, our understanding of winter monsoon variability and associated changes in sea-36 surface hydrography particularly remains poor. 37
Previous studies have shown that wind driven changes in productivity and sea surface 38 temperatures (SST) occurred at the millennial-scale in the western and northern Arabian Sea 39 (e.g. Schulz et al., 1998; Ivanochko et al., 2005) . Summer monsoon wind-induced upwelling 40 generally reduced in the western and northern Arabian Sea during the glacial period, and 41 particularly during extreme cold phases (Heinrich Events) in the northern hemisphere (Sirocko et and sporadic upwelling along the central coast of India (Colborn, 1975; Zhang, 1985 ; 47 Madhupratap et al., 1996; Schott and McCreary, 2001) . Stratification of the surface waters 48 occurs in summer because of increased fluvial runoff over the eastern Arabian Sea during the 49 rainy summer season. In recent years, attempts have been made to study millennial-scale 50 productivity variations in the eastern Arabian Sea influenced by seasonal monsoon air flow 51 intensities, based on changes in the planktic foraminifera (Singh et al., 2006 (Singh et al., , 2011 and 52 coccolithophore assemblages (Cabarcos et al., 2014) . Changes in the upper water column 53 structure through time, however , relating to millennial-scale variations in monsoon winds have 54 not been studied in detail for the late glacial -Holocene. 55
We present planktic foraminiferal assemblage and Mg/Ca based SST records from 56 sediment core SK 17 retrieved off Goa. This core provides a continuous record of upper ocean 57 conditions in the eastern Arabian Sea during the last 30 ka BP. In particular, the reconstructions 58 reveal millennial-scale changes in trophic conditions of the upper water column influenced by 59 seasonal monsoon (summer vs winter) air flow intensities since the Last Glacial Maximum 60 3 (LGM). We explore links between these monsoon-induced air flow changes, global climate and 61 deep-sea circulation. 62 63 2. Oceanographic Setting 64 65 Surface ocean circulation along the west coast of India is driven by seasonally reversing 66 monsoon winds. Between June and September, SW monsoon winds prevail over the Arabian Sea 67 ( Fig. 1a ). During this season, the West Indian Coastal Current (WICC) flows southward along 68 the eastern margin of the Arabian Sea and joins the eastward flowing Southwest Monsoon 69 Current (SMC) in the southeastern Arabian Sea (Schott and McCreary, 2001) . Locally, high 70 precipitation and runoff from the Western Ghats during the summer leads to a stratified surface 71 water (Joseph and Freeland, 2005) . The fluvial runoff supplies nutrient into surface waters, 72 which can induce a local increase in productivity (Cabarcos et al., 2014) . Further south, weak 73 upwelling occurs along the southwest coast of India (south of 10 0 N) during this season (Sharma, 74 1966; Wyrtki, 1973; Naidu et al., 1999) resulting in the presence of moderately cold, nutrient-75 rich surface water in the region (Fig. 1a,b ) . 76
During winter (December to March), the wind flow reverses and the NE monsoon prevails 77 ( Fig. 1a ). Because of the reversed air flow, a cyclonic circulation develops causing weak and 78 sporadic upwelling along the coasts off Pakistan and India (Colborn, 1975; Zhang, 1985; Bauer 79 et al., 1991) . The cool and dry NE monsoon winds intensify evaporation, leading to surface 80 cooling and vertical mixing in the eastern Arabian Sea, north of 10 0 N ( Fig. 1b ) [Banse and 81 McClain, 1986; Madhupratap et al., 1996; Kumar et al., 2000] . The vertical mixing leads to a 82 mild increase in primary productivity (Shalin, 2017) The core was sampled every 1 cm interval up to one meter and further at 2 cm regular 97 intervals. Alternate samples at 2 to 4 cm intervals were used in this study for planktic 98 foraminiferal census counts. Dried sediments were washed over a 63 μm screen. The resulting 99 dry residues were sieved over a 125 μm screen. Census counts of planktic foraminifera were 100 made on the >125 μm fraction. The taxonomy of the planktic foraminifera is based on Kennett 101 and Srinivasan (1983) and Hemleben et al. (1989) . The relative abundance (%) of each species 102 was calculated and plotted against depth to illustrate the down-core distribution patterns. In order 103 to explain interrelationships in a multivariate database by the presence of a few key factors, we 104 carried out Q mode factor analysis on the planktic foraminiferal relative abundances, using the 105 SPSS 10.0. All species with a relative abundance > 2 % were included in this analysis (Table 1) Caulet, 2000) . The factor analysis of 154 planktic foraminiferal assemblages of core SK 17 results in three distinct groups of species, 155 together accounting for 93 % of the total variance (Table 1) The new data are in line with a significant increase in surface temperatures of the mixed layer 254 (Anand et al., 2008) and lower Corg concentration (Singh et al., 2006) , jointly supporting the 255 notion of low productivity during the deglaciation between 17.5 and 15 ka BP (Figs. 3,4) . The 256 lighter values of δ 15 N during this interval also imply low productivity related to nutrient 257 depletion in subsurface water, as compared to that of during the LGM (Fig 4) . Thus, the changes 258 in planktic foraminiferal assemblage composition, SST, Corg content and δ 15 N suggest a rapid 259 change in surface oceanic conditions, probably triggered by a change in strength of winter 260 monsoon winds around 17.5 ka BP: strong winter monsoon winds were replaced by moderate or 261 weak winter monsoon winds, reducing nutrient availability in surface waters. 262
The timing of this switch in intensity of winter monsoon winds is synchronous with 263
Heinrich Event 1 (H1), a cold event in the northern hemisphere, when the large-scale deposition 264 of ice rafted sediments occurred (Bond and Lotti, 1995) . We are confident that the timing of the 265 winter monsoon weakening around 17.5 ka BP is well constrained by AMS 14 C-dates in core SK 266 17 and matches the timing of H1 within the uncertainties associated with radiocarbon dating. Similarly, reduced strength of winter monsoon winds resulting in stratified surface 279 waters and low productivity conditions during H1, can also be observed in the period 23.5 -280 24.5 ka BP (equivalent to the North Atlantic H2), at least in this part of the Arabian Sea. The 281 reduction in productivity, however, was less prominent than during H1. The coupled cooling in 282 the northern hemisphere, reduction of productivity and warming of surface waters in the eastern 283 Arabian Sea occurred repeatedly during Heinrich Events in the glacial period (see also Singh et 284 al., 2011). 285 In contrast to our conclusion of a more stratified upper water column, low productivity and 286 weaker winter monsoon winds in the period 15-17.5 ka BP based on foraminifer assemblages, 287 SST and δ 15 N records (Fig. 4) , Cabarcos et al. (2014) suggested increased productivity and 288 stronger winter monsoon winds in this period based on coccolith assemblage data in the same 289 core (Fig.4) . Indeed, the coccolith assemblage data (Factor 1, the productivity proxy as defined 290 by Cabarcos et al., 2014) indicate relatively high productivity in the prolonged period 17.5-10 ka 291 BP. Thus, the coccolithophore driven productivity remained largely unaffected during the cold 292 H1 event. A wider discussion on the coupling of low productivity events in the Arabian Sea and 293 cold events (Heinrich Events) in the northern hemisphere may be useful to speculate why the 294 coccolith and the foraminifer assemblage results are different. The changes in the planktic 295 foraminifer assemblage, SST and δ 15 N records are in concert with northern hemisphere climate 296 events, not only during H1, but also during H2, and in the period LGM to H1 (Fig. 4) . The low 297 productivity Arabian Sea events are clearly linked with the Heinrich cold periods in the northern 298 hemisphere. This is not necessarily new, because this pattern of coupling between Arabian Sea 299 low productivity and northern hemisphere cold climate events has been previously reported using 300 a wide variety of proxy data series in cores from across the Arabian Sea (Schulz et al., 1998; 301 Altabet et al., 2002; Ivanochko et al., 2005; Singh et al., 2006 Singh et al., , 2011 . It is intriguing to note that 302 a record of changes in dinoflagellate assemblage data, from another deep core offshore Goa 303 (water depth; 1807 m), suggested also low productivity during H1 (Narale et al., 2015) . The 304 weak response of coccolithophores to millennial-scale climate change as evident in figure 4 is 305 anomalous. The coccolithophores dwelling in the mixed layer may have a specific response to 306 nutrient supply (Tarran et al., 1999; Le Mézo et al., 2017) . Perhaps coccolithophore abundances 307 11 and assemblage composition are sensitive to nutrient supply from the continent either by 308 runoff/river or wind (Patil and Singh, 2013, Cabarcos et al., 2014) , much more so than other 309 primary producers. Furthermore, coccolithophores are also known to be sensitive to salinity and 310 turbidity of surface waters (McIntyre and Bè, 1967; Baumann et al., 2005) . The location of core 311 SK 17 is close to the coast where large variability in salinity and turbidity occurs. Intriguingly, 312 the reconstructed δ 18 Ow values (salinity related) show large swings in the glacial-deglaciation 313 period (Fig 4) , which may have played a role in the abundance changes of the coccolithophores. 314
Although nutrients, salinity and turbidity may explain the anomalous behavior of 315 coccolithiphores ecology, the precise reason for this remains unclear. 316
317
The Holocene surface hydrography 318 319 Low abundances of planktic foraminifera that contribute positively to Factor 2, and 320 corresponding high abundances of species that contribute positively to Factor 1 in conjunction 321 with low Corg content and high Mg/Ca-based SST collectively suggest that a strongly stratified 322 upper water column prevailed during most of the Holocene except for the last 2.5 ka BP (Fig. 3) . In core SK 17, the abundance pattern of G. menardii is broadly similar to that of 340 N. dutertrei, a thermocline, eutrophic species flourishing in upwelling conditions (Fig. 2) The faunal data further suggest a moderate increase in winter wind induced vertical mixing 390 and/or sporadic upwelling to modern levels since 2.5 ka BP. 391 392
